An experiment is conducted to determine the effect of uni-axial strain on the superconducting and microscopic properties of bulk Nb 3 Sn. Methods of calculating the electron DOS are explored in order to investigate whether the strain sensitivity of the superconducting properties is correlated to changes in the electron density of states.
INTRODUCTION
The superconducting properties of Nb 3 Sn are strongly affected by strain [1] , which is a phenomenon that is not fully understood. While the critical temperature T c and critical magnetic field μ 0 H c2 of Nb 3 Sn have been expressed in terms of the phonon and electron DOS [2] [3] [4] [5] [6] [7] , it is not clear whether the effect of strain on the superconducting properties is related to changes in the phonon spectrum [5] , the electron DOS [7] or both.
The purpose of this paper is threefold. First, an experiment is discussed that is performed to measure the effect of uni-axial strain on the T c and μ 0 H c2 of Nb 3 Sn. Second, two methods of determining the electron DOS from resistivity data are derived. Third, it is evaluated whether the effect of strain on the electron DOS in Nb 3 Sn can be determined.
EXPERIMENT Sample
A bulk sample with a nominal composition of 76 % niobium and 24 % tin is fabricated with a hot isostatic pressure (HIP) process, which involves heat-treating niobium and tin powder at 1100 o C under a pressure of 100 MPa [8, 9] . The composition of the sample is previously derived from heat capacity measurements [10] . A T c range of 17.4 to 18 K is observed, which is indicative of a sample containing Nb 1-β Sn β , with β ranging from 0.243 to 0.253 [11] . The peak in the T c distribution is found at 17.5 K, an indication that the most predominant composition is Nb 0.756 Sn 0.244 .
Using an un-calibrated SEM/EDX, the sample is found to consist of polycrystalline Nb-Sn with a typical grain size of 5-10 μm as well as a small amount of niobium-oxide grains.
Instrumentation
Resistivity as function of temperature, magnetic field and uni-axial strain is measured with the "U-spring sample holder" [1] . The measuring details are discussed elsewhere [10] . The sample holder is thermally insulated by vacuum, and a temperature sensor and heaters allow for temperature control, with an accessible temperature range of 4.2 to 325 K. The accessible uni-axial strain range is 1 % compressive to 1% tensile strain, while the accessible magnet field is μ 0 H = 0 to 15 T.
Low temperature ρ(T) measurements are performed by ramping the temperature at a typical ramp rate of -7 mKs -1 , while measuring the resistivity of the sample. The critical temperature derived from resistivity data is compared to critical temperature measurements performed with other instruments and found to be consistent within 0.1 K.
ρ(T) measurements over the temperature range 4.2 -325 K are performed by ramping the temperature at a typical ramp rate of 0.1 Ks -1 while measuring the resistivity. This method is validated through comparison with ρ(T) measurements in thermal equilibrium at 77.2 K and 293 K. The resistivity measured in the variable temperature ρ(T) measurement is found to be 0.5 % higher at 77.2 K and 0.8 % higher at 293 K. 
RESULTS
A measurement of ρ(T = 17 … 325 K) with μ 0 H = 0 T and ε a = 0 % is shown in FIGURE 1. At 19 K, the resistivity is 15.6 μΩcm, which is consistent with the resistivity of Nb 0.755 Sn 0.245 [11] . The ρ(T) curve is consistent with literature results [12] .
The effect of magnetic field and compressive strain on resistivity is shown in FIGURE 2. The critical temperature decreases with increasing compressive uni-axial strain, as well as increasing magnetic field. FIGURE 3 shows ρ(ε a = 0 … -0.6 %) at T = 19 K. At ε a = -0.6 % the resistivity is reduced by 13 % in comparison to ε a = 0 %, from 15.6 μΩcm to 13.6 μΩcm. FIGURE 4 shows the difference in resistivity between strain states at T = 18 K … 50 K. Consistent with what is observed in FIGURE 3, the resistivity decreases with increasing compressive strain. It is interesting to note that the amount of change is temperature dependent, with the largest change around 40 K, close to the martensitic transformation temperature of stoichiometric Nb 3 Sn [12, 13] .
ANALYSES Introduction
The Sommerfeld constant is related to the electron DOS through:
where N(0) * is the renormalized electron DOS, k B is the Boltzmann constant and γ * is the renormalized Sommerfeld constant. The asterisk indicates renormalization.
Two different methods of calculating the Sommerfeld constant from resistivity data are presented. The first method relates γ * to high temperature resistivity data and the electron phonon coupling constant λ, while the second method relates γ * to μ 0 H c2 , T c , the strong coupling correction factor η Hc2 , the saturation resistivity ρ max and the normal state resistivity ρ 0 . This second method is quite similar to the method used by Orlando [6] to calculate γ * . However, where Orlando used the Fermi surface area S as a fit parameter to equate γ * to a result determined from heat capacity data, for this paper, S is calculated using the Ioffe-Regel criterion [14, 15] and the calculated γ * is validated with literature.
First method
The resistivity of Nb 3 Sn at temperatures close to room temperature has been described by Wiesmann [16] , through
where ρ(T) is the measured resistivity, ρ 0 is residual resistivity, ρ 1 T describes the resistivity due to electron-phonon interaction and ρ max is the saturation resistivity. It is observed that the mean free path l cannot be smaller than the inter-atomic distance [14] and in the limiting case converges to this value. In the case of Nb 3 Sn, l converges to the lattice constant a 0 [15] . The resistivity is expressed in terms of the mean free path through [6]
where l is the mean free path in [nm], h is Planck"s constant, e is the elementary charge, S is the Fermi surface area in [m -2 ] and ρ is the resistivity in [Ωm]. Equations 2 and 3 are combined [16, 17] , so that 
In a similar fashion, the effective mean free path due to electron-phonon scattering is expressed
where l tr (T) is the electron-phonon scattering contribution to the mean free path. Under the assumption of a spherical surface area, the Fermi velocity is expressed in terms of the Sommerfeld constant [6]       
where τ tr is the scattering time in [s] . It is further noted that the electron phonon coupling constant and the electron phonon transport coupling constant are related, and for Nb 3 Sn λ tr ≈ λ with an uncertainty of 10% [20] . Equations 3 -7 are combined to a useful expression for the Sommerfeld constant 
Equation 2 is applied to the resistivity data shown in FIGURE 1, only fitting data in the temperature range 250 -325 K. In the fit ρ 0 is set equal to the resistivity at 19 K, while ρ 1 and ρ max are fitted. The best fitting parameters are ρ 1 = 0.63 ± 0.06 μΩK -1 and ρ max = 162 ± 16 μΩ with an average error of 0.04% between fit and measurement. Using equation 4 with a 0 = 0.529 nm [12] , S = (1.8 ± 0.2) × 10 21 m -2 is found, which compares well with Orlando"s estimate of S = (1.7 ± 0.7) × 10 21 m -2 [6] . Using λ = 1.78 [6, 21] 
Second method
The slope in μ 0 H c2 (T) near μ 0 H = 0 T is expressed with [6] : 
where dμ 0 H c2 (T)/dT is the slope in the critical magnetic field in [TK -1 ], R(λ tr ) is a correction factor, η Hc2 is the strong coupling correction factor, and T c (0) is the critical temperature at μ 0 H = 0 T in [K] . R(λ tr ) is introduced into the formula to correct for deviations due to linearization of the Gorkov equation [19] . However, in general the deviation is small and is considered negligible in this particular case, so that R(λ tr ) ≈ 1 [7] . It has been shown [22] that the μ 0 H c2 (T) phase boundary is accurately described by the Maki-deGennes equation [23] , with 
Applying the second method involves determining the superconducting properties μ 0 H c2 (0) and T c (0) using equation 10 and then calculating γ * using equation 12. T c is defined here as the temperature at which the resistivity has dropped to 50 % of the normal state resistivity. T c (μ 0 H) is then fitted with equation 10.
Fitting only T c (μ 0 H ≥ 10 T) results in a lower T c (0) than is actually measured (FIGURE 5). This has been observed and commented on a number of times in literature [6, 12, 24] . A likely explanation is that phenomenon is related to compositional inhomogeneity, similar to the effects observed in wires [22] , noting that the sample is not perfectly homogeneous but rather a mixture of compositions ranging from Nb 0. The strong coupling correction factor η Hc2 relates the BCS limit μ 0 H c2,BCS to the actual μ 0 H c2 . Orlando determines this factor from the characteristic frequency of the Eliashberg spectrum and finds η Hc2 = 1.17, which is also used here. ρ max = 162 ± 16 μΩm is determined from measurement ("first method" in FIGURE 1). Finally, using equation 12, γ * = (1.2±0.1) × 10 3 JK -2 m -3 is found.
DISCUSSION
The γ * values that are derived from resistivity data with the two discussed methods are compared with γ * derived from heat capacity analyses (TABLE 1) and the results are consistent within the margin of error.
The large change in resistivity with compressive strain at 19 K is inconsistent with expectation (FIGURE 3). Close to 0 K, the mean free path is dominated by impurity scattering. As the distance between impurities only changes slightly with strain, the mean free path is expected to be nearly strain independent. The Fermi surface area derived from our measurements (not shown here) is nearly strain independent, while the resistivity at 19 K decreases strongly with strain, so the calculated mean free path increases strongly with strain (Equation 3, FIGURE 6 ).
The large change in resistivity with strain is possibly related to the martensitic transformation as the largest change in resistivity is observed at the temperature at which stoichiometric Nb 3 Sn transforms [12, 13] . However, the martensitic transformation is strongly affected by composition and not expected to occur for Nb 0.756 Sn 0.244 . This suggests that the sample is a mixture of transforming and non-transforming Nb 3 Sn. Furthermore, it is not unambiguous whether the observed reduction in resistivity with compressive strain is related to the same Nb 3 Sn composition in the bulk sample as the reduction in T c .
The inhomogeneity of the sample is not an issue for calculating the absolute value of γ * , as γ * is known to only be weakly dependent on the composition [6] . However, as it is quite possible that the effect of strain on the electron DOS is different in the case of transforming Nb 3 Sn versus non-transforming Nb 3 Sn, it is imprudent to attempt to calculate the effect of strain on the electron DOS on (partly) transforming bulk material.
CONCLUSION
An experiment is done in which the effect of uni-axial strain on the superconducting properties and normal state resistivity of binary Nb 3 Sn bulk is determined.
Two novel methods are developed to calculate the Sommerfeld constant, and thus the electron DOS, from resistivity data. m -3 are found, which is consistent with literature results. The normal state resistivity is strongly affected by compressive strain, a phenomenon that is not yet fully understood. The effect of uni-axial strain on the electron DOS cannot be determined at this time but will be determined on more homogeneous samples in the future.
